Formalization of the optimization principle in the new European Council Directive 2013/59
The new European Council Directive 2013/59 (http://eur-lex. europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX: 32013L0059&from=EN), to be translated into national legislations before 6 February 2018, in article 56 (Optimisation) states: BFor all medical exposure of patients for radiotherapeutic purposes, exposures of target volumes shall be individually planned and their delivery appropriately verified, taking into account that doses to non-target volumes and tissues shall be as low as reasonably achievable and consistent with the intended radiotherapeutic purpose of the exposure^. No doubt this statement holds for nuclear medicine therapy, since in article 4 of the same, directive definition 81 states that Bradiotherapeutic^means pertaining to radiotherapy, including nuclear medicine for therapeutic purposes. The directive thus asks for dosimetry, as is routinely implemented in radiotherapy, using external beam or brachytherapy sources. However, in nuclear medicine therapy, absorbed dose planning is rarely performed. One of the main reasons is the amount of work needed for internal dosimetry that includes multiple whole-body counts or scintigraphy and sometimes blood samples over some days after administration.
The Bintended purpose^in all therapeutic exposures is treatment efficacy against malignant disease. The optimization principle (as low as reasonably achievable, ALARA) of article 56, when applied in a therapy situation, states that absorbed doses to nontarget tissues should be kept reasonably low, but not so low as to lose efficacy. We think that this applies above all to the fight against life-threatening cancer. As a consequence, we believe that to adhere to the optimization principle in oncological patients, nuclear medicine therapy should be based on individualized dosimetry.
The maximum tolerable absorbed dose approach in nuclear medicine therapy
In contrast to external beam radiotherapy, in nuclear medicine therapy we have patients or situations where the absorbed dose to the target volume cannot be calculated or reliably predicted for technical or practical reasons. For instance, metastatic lesions may not be measurable (being either too small or too infiltrative into normal tissue) or the molecule used in the tumour pretreatment dosimetry may have limited power to predict the absorbed dose of the therapeutic agent during treatment. In such circumstances there is no possibility for treatment optimization based on the absorbed dose to target tissues. The next best alternative is then to base therapy planning on the maximum tolerable absorbed dose (MTAD) to nontarget organs or tissues. This is not a new concept in nuclear medicine therapy. In radioiodine therapy of metastatic thyroid cancer, the therapeutic activity was chosen to deliver the MTAD of 2 Gy to the red marrow. This approach was implemented more than 50 years ago by Benua et al. [1] , and was successfully applied in the following decades by Leeper [2] . Unfortunately, the method has now been abandoned by many institutions, but it has continued in use in other centres [3] [4] [5] [6] [7] [8] . The method provides solid indications of best outcome, in contrast to the fixed activity approach [3, 4] , although a clinical study with the highest level of evidence (phase III randomized) has never been pursued. This approach was recently re-proposed [9] , with the introduction of the acronym AHASA (as high as safely attainable) instead of ALARA. This type of approach thus aims to pursue the intended radiotherapeutic purpose of the exposure.
Another application of the AHASA approach is in 131 ImIBG therapy of paediatric neuroblastoma, where the absorbed dose limit for acute myelodepression of 2 Gy (MTAD) to the red marrow was established by Fielding et al. in 1991 [10] . The VERITAS multicentre controlled trial is currently in development. It is based on individual patientbased maximization of the administered activity aiming to reach a total whole-body absorbed dose of 4 Gy, in two tandem administrations 2 weeks apart [11] . Stem cell autologous transplantation is included in this study. A third example is the recently reported radioembolization of hepatocarcinoma with 90 Y glass microspheres [12] , for which a treatment-planning paradigm was developed that aimed mainly to deliver the MTAD to the liver parenchyma, since the prediction of tumour absorbed dose can be uncertain [13] .
The three examples discussed above (metastatic thyroid cancer, neuroblastoma, hepatocarcinoma) have the common strategy that, in order to pursue efficacy when the predictive power of tumour dosimetry is suboptimal, the maximization approach (AHASA) can be adopted instead of the optimization approach (ALARA). We think that in the presence of a potentially life-threatening disease, i.e. in oncology, when tumour absorbed dose cannot be reliably predicted, while there is the evident risk of radiation-induced toxicity to normal organs, therapeutic dose administrations according to the AHASA principle should be considered in clinical practice.
Posology in current radiopharmaceutical registrations
In the therapy of neuroendocrine tumours with radiolabelled somatostatin analogues, the radiopeptide DOTATATE labelled with 177 Lu is finally going to be registered. This is one of the most longed-for developments in nuclear medicine therapy in which radiopeptides have been used for 25 years, albeit as experimental agents. The observed clinical results indicate a net increase in overall survival compared with the nonlabelled somatostatin analogues (NETTER-1 study [14] ). However, the administration schedule (posology) proposed in the registration study (7.4 GBq four times) may be a matter of concern if viewed from the perspective of optimization. Moving away from the Bfour cycles fits all^paradigm to an optimized prescription strategy would give many patients the opportunity to receive more treatment cycles and potentially obtain greater benefit from the treatment.
In the ongoing ILUMINET clinical study based on 177 Lu-DOTATATE, the number of cycles is tailored to the absorbed dose to the kidneys in the individual patient, and in an interim analysis the number of delivered cycles was found to vary between three and eight [15] . In the group of patients in whom treatment was terminated because they had reached the protocol-specified dose limit, 73% received more and 9% received fewer than four cycles. In other words, it is possible that the results obtained in the registration study could be further developed. It is thus important that centres with dosimetric capability are not hindered from optimizing their treatment protocols and are allowed to tailor the number of cycles or the administered activity to the absorbed dose. The marked inter patient variations in peptide pharmacokinetics indicate the need of personalized treatment planning options [16] [17] [18] .
It is clear that for most radiopharmaceuticals, the concept of posology is far from the optimization principle (ALARA), and even from the maximization principle (AHASA), and is therefore not Bconsistent with the intended radiotherapeutic purpose of the exposure^. Even in patients in whom the intended purpose is purely palliative, there are indications that the patient benefit (response rate [3, 4] and overall survival [4, 19] ) could be improved if the optimization (when possible) or maximization principles are adopted.
Optimization principle in radioembolization procedures
Liver radioembolization is a promising locoregional therapeutic option that has been approved using medical devices. It consists of the permanent implantation of radioactive microspheres under angiographic guidance. Because of the absence of biological clearance, dosimetry can be calculated with only one patient scan, in contrast to all other radiopharmaceuticals. As in external beam radiotherapy, simulation is possible using a nontherapeutic but radioactive biodegradable simulator ( 99m Tc albumin macroaggregates). Radiationinduced toxicity to normal liver tissue is a considerable lifethreatening risk associated with this treatment [20, 21] . Because dosimetry in liver radioembolization involves less work and this treatment is associated with an important risk, the number of centres in Europe currently adopting dosimetric planning of liver radioembolization is increasing (EANM survey 22]).
Garin et al. [23] make the following interesting comment about dosimetry in this field: Bthis type of powerful, pretherapeutic predictor of response and survival represents a clear advantage of radioembolization. This advantage is unfortunately not available with other therapeutic approaches used for liver cancer, such as chemotherapy, biotherapy, or chemoembolization^. This Bclear advantage^, available in general with photon-emitting agents, is obviously not taken advantage of if a nondosimetry based posology is adopted. Tong et al. [24] make important additional remarks about nuclear medicine therapy in general: B… therapeutic radiopharmaceuticals exert their biological response primarily by the deterministic effect of radiation, … Any studies demonstrating apparent safety in spite of empirical or semi-empirical methods only leads to the logical conclusion that these methods have a conservative tendency to underdose, sacrificing efficacy for safety. … The modern era of personalized medicine demands the measurement of patient-specific biophysical parameters to individualize treatment so as to maximize the desired effect while minimizing toxicity^.
Interestingly, for the first time in the history of nuclear medicine therapy, all the companies supplying radiolabelled microspheres for liver radioembolization are making substantial efforts to optimize the treatment with dosimetry [25, 26] (https://www.btg-im.com/en-GB/Simplicit90Y/Home).
The regulatory agency responsibility for the conflict between optimization and posology Nuclear medicine therapy is performed using radiopharmaceuticals or radioactive medical devices with the unique option of performing patient-specific treatment. The Bpharmaceutical^or Bdrug^(medical device) properties of these agents are generally well acknowledged legally, and are carefully observed for the registration process. However, their radioactive nature is paradoxically neglected, despite this being their main mechanism of action [24] . The radiation mechanism clearly indicates that they belong to the field of radiotherapy (definition 81 in Directive 2013/59).
When regulatory agencies accept posology based only on fixed administrations, for instance as fixed activities and a fixed number of cycles ( 177 Lu DOTATATE), or a fixed activity per body mass ( 223 Ra), in order to comply with the package insert, therapists may be prevented from basing their prescriptions on the individual patient absorbed dose. As a consequence, the application of the optimization principle (article 56) of radiotherapy is prevented. In other words, package inserts containing only nondosimetric posology force therapists into conflict with article 56.
We consider that the responsibility for this lies with the registration and health authorities, who should be well aware of the above arguments before licensing a nondosimetric posology, excluding the possibility of dosimetry-based optimization.
In the present situation, where internal dosimetry is still not fully applied, we propose that the package insert of any radioactive agent for therapy should indicate, in parallel with conventional posology, a dosimetry-based administration undertaken under the full responsibility of the therapy team. Otherwise the optimization requirement will not be met for nuclear medicine therapy. A complete quality assurance programme should be in place to ensure accurate delivery of any prescribed treatment.
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